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a b s t r a c t
Mercury and its derivatives are hazardous environmental pollutants and could affect the aquatic
ecosystems and human health by biomagnification. Lake sediments can provide important historical
information regarding changes in pollution levels and thus trace anthropogenic or natural influences.
This research investigates the 100-year history of mercury (Hg) deposition in sediments from Chao
Lake, a shallow eutrophic lake in China. The results indicate that the Hg deposition history can be
separated into three stages (pre-1960s, 1960s–1980s, and post-1980s) over the last 100 years. Before
the 1960s, Hg concentrations in the sediment cores varied little and had no spatial difference. Since
the 1960s, the concentration of Hg began to increase gradually, and showed a higher concentration of
contamination in the western half of the lake region than in the eastern half of the lake region due to
all kinds of centralized human-input sources. The influences of anthropogenic factors and hydrological
change are revealed by analyzing correlations between Hg and heavy metals (Fe, Co, Cr, Cu, Mn, Pb,
and Zn), stable carbon and nitrogen isotopes (d13C and d15N), nutrients, particle sizes, and meteorological
factors. The results show that Hg pollution intensified after the 1960s, mainly due to hydrological change,
rapid regional development and urbanization, and the proliferation of anthropogenic Hg sources.
Furthermore, the temperature, wind speed, and evaporation are found to interactively influence the
environmental behaviors and environmental fate of Hg.
Ó 2019 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction
Mercury (Hg) and its derivatives, including in particular the
most toxic form of mercury, methylmercury (CH3Hg+), are hazardous environmental pollutants that can exist in the atmosphere
and in aquatic food chains for extended periods of time, primarily
because of their persistence and tendency toward bioaccumulation
[1]. Mercury is discharged to the environment from natural sources
and from human activities, such as ore refining and cement production and reemission [2]. With global industrial and economic
development, increasing amounts of Hg have been discharged into
the environment. Mercury has been identified in lakes, wetlands,
reservoirs, rivers, and estuaries worldwide [3,4], and Hg pollution
has become recognized as a global environmental problem. The
United Nations Environment Program (UNEP) recently adopted
the ‘‘Minamata Convention,” which is aimed at controlling and
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decreasing global Hg emissions in order to reduce the damage
caused by Hg to the environment and human health.
Direct long-term water quality monitoring was not initiated in
most of the lakes in China until the 1980s, due to the limitations of
monitoring technology and cost constraints [5]. In the absence of
long-term water quality monitoring data, sediment cores can serve
as an important archive, as they record metal fluxes in aquatic systems and can be an effective tool for reconstructing pollutant histories and environmental fates [6]. Mercury concentration in the
sediment cores of lakes has increased significantly over the last
century [7]. Mercury contamination of lake sediments has been
investigated in Lake Ballinger and Lake Whittington, in the United
States [4,8]. Recently, Lin et al. [9] investigated the influences of
climate change on Hg accumulation in a remote and shrinking lake
located on the southern Tibetan Plateau in China. Most of the
existing research has been focused on the use of Hg isotopes in
lake sediments to reliably trace historical, anthropogenic Hg
contamination or to evaluate Hg cycling [10,11].
Chao Lake, a semi-enclosed shallow eutrophic lake in China, has
been impacted by anthropogenic activities over the past three
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decades, and has been a target of wide societal concern since the
1980s, due to anthropogenic eutrophication [12]. A considerable
amount of research has been performed on Chao Lake in order to
resolve its historical records of multiple heavy metals [13], nutrients [12], polychlorinated biphenyls [14], polycyclic aromatic
hydrocarbons, and organochlorine pesticides [15], but few studies
have focused on Hg. Research on Chao Lake can also help in understanding the Hg profiles of the same type of lakes in the Yangtze
River Basin. To address this research gap, the objectives of this
study are as follows: to examine variability in the Hg supply to
the lake and in the Hg distribution within the lake over approximately the last 100 years using sediment core chronology; and to
resolve important anthropogenic factors by applying statistical
analysis using indicators including heavy metals (iron (Fe), cobalt
(Co), chromium (Cr), copper (Cu), manganese (Mn), lead (Pb), zinc
(Zn), and Hg), nutrients (total nitrogen (TN), total phosphorus (TP),
total organic carbon (TOC), d13C, and d15N), and grain size. This
study also examines this lacustrine environment in the context
of climate variability by exploring correlations between Hg concentrations and temperature, precipitation, wind speed, and evaporation in the Chao Lake basin.
2. Materials and methods
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② homogenized with an agate mortar and pestle, and ③ sieved
using a 0.125 mm screen. The samples were then digested using
an acid mixture of hydrochloric acid (HCl) and nitric acid (HNO3)
(3:1, v/v) [16]. TP was determined after heating the samples for
2 h at a temperature of 500 °C and performing 1 molL1 HCl
extraction. TN was analyzed using an elemental analyzer (Vario
EL III, Elementar Co., Germany). TOC was measured using a TOC
analyzer (Multi N/CÒ 2100, Analytik Jena AG, Germany), after
treatment with 1 molL1 HCl to remove inorganic carbon. The
analytical precision was less that 3% for TN and 5% for TOC, using
six replicates of a homogenized sample.
Heavy metals were detected by inductively coupled plasma
mass spectrometry (iCAP Qc, Thermo Fisher Scientific, USA) after
microwave digestion in a mixture of HNO3, HCl, and hydrofluoric
acid (HF) (1:3:6, v/v). The standard reference sediment SUD-1
(National Water Research Institute, Environment Canada, Canada)
was used to estimate the accuracy of the heavy metal analyses.
The recoveries (analytical value/certified value ratio, %) of Cr, Cu,
Pb, Mn, Zn, and Co were between 85% and 110%. The total Hg in
samples and blanks was measured by means of cold vapor atomic
fluorescence spectrometry, using a Hg detector (F732-V, Shanghai
Huaguang Instrument, China) [9,17]. The average recovery of Hg
was 98.3%. Therefore, the certified values and analytical values
were in good agreement.

2.1. Sampling and analysis
2.2. Data processing
Chao Lake (117°160 –117°510 N, 31°250 –31°430 E) is a shallow
natural lake in China with a surface area of 780 km2 (Fig. 1). Intensified human activities have caused eutrophication and metal pollution in Chao Lake [12,13]. Since the construction of the dam in
1963, the water level of the lake has been controlled, and the natural hydrological cycles have been obstructed after its impoundment [12]. The two sample sites (CL1 and CL2) were selected due
to differing levels of pollution in different regions. Moreover, the
sample sites had to meet the requirements of likely long-term sediment accumulation and minimal effects of disturbances, including
bottom-scouring or re-suspension.
The sediment cores were collected in 2009 using a columnar
sampler (50 cm long and 8 cm in diameter). Both sediment cores
were 30 cm in length, and were sectioned at 1 cm intervals. Each
sample was frozen to below 20 °C. The sample pretreatment
procedure was as follows: The samples were ① freeze-dried,

The background concentration of Hg in the Chao Lake sediments
was determined using the paleoecological investigation of recent
lake acidification (PIRLA) method [18]. The enrichment factor
(EF) [5] is widely used to assess heavy metal pollution in sediments, as it aids in discriminating between anthropogenic and natural sources of heavy metals. The degree of contamination of Hg in
the sediments of Chao Lake was evaluated using the EF. Moreover,
the geoaccumulation index (Igeo) was used to evaluate heavy metals pollution caused by human activities [19].
The Hg flux was calculated using the average sediment accumulation rate. Zan et al. [13] calculated the average sediment accumulation rate at these locations in Chao Lake using unsupported or
‘‘excess” 210Pb (210Pbex) and the constant flux sedimentation
(CFS) model [20]. The average sediment accumulation rate of core
CL1 was found to be 0.224 gcm2a1, and the average sediment

Fig. 1. Location of sampling sites.
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accumulation rate of core LC2 was found to be 0.242 gcm2a1
[13].
Meteorology data came from the CN05.1 grid observation dataset, which was constructed by the anomaly approach during interpolation with the horizontal resolution of 0.25°  0.25° [21]. The
data normality and Pearson correlations were tested using the SPSS
18.0 software (SPSS Statistics, IBM Corporation, USA). The
normality distribution of data was determined by the
Kolmogorov–Smirnov test. The data on the Hg and heavy metals
concentration, nutrients, and grain size aligned with the normal
distribution at the 0.05 significance level.
3. Results and discussion
3.1. Vertical profiles of Hg
The concentrations of total Hg deposited in the two sediment
cores indicated a consistent change with a concentration increasing from the bottom layers to the surface or subsurface layers
and reaching peak values (Fig. 2(a)). The Hg concentrations accumulated in cores CL1 and CL2 were divided into three different
periods: a relatively stable stage before the 1960s, a slow increase
from the 1960s to the 1980s, and a sharp increase from the 1980s
to the present.
Before the 1960s, the concentrations of total Hg ranged from
52.4 to 69.9 ngg1 and from 43.5 to 68.8 ngg1 dry sediment for
CL1 and CL2, respectively. Based on the PIRLA procedure, the Hg
background values between two sample sites showed little difference; the Hg background values for the lake sediments are shown
by the mean value of the two sample sites. The Hg background

concentration in the Chao Lake sediments is (52.29 ± 5.15) ngg1.
The results indicate that the Hg concentrations in the lake sediment cores during the first stage were in the background period
(pre-1960s). Chemical fertilizers were not used in the traditional
agriculture of the whole watershed [12]. No significant increasing
trends were found in the two sediment cores for Hg concentration
before the 1950s; the only slight increase observed in the 1930s
may have been induced by the First Chinese Civil Revolutionary
War (1924–1927) or the Second Sino-Japanese War (1937–1945)
[22,23]. The almost constant concentrations of Hg existing in the
two sediment cores show the succession of a natural lake system
with few human-input impacts before the 1960s, which is consistent with the nutrient, heavy metal, and persistent organic compounds concentrations in the sediment cores [12–16].
During the second stage, the Hg concentrations rose slowly
from 76.3 and 71.6 ngg1 in the 1960s to 95.4 and 80.9 ngg1 in
the early 1980s for CL1 and CL2, respectively. Mercury input began
to increase slightly in the 1960s, which was consistent with the
first immigration settlement of China in the studied watershed
[24]. During the third stage, the CL1 and CL2 sediment cores exhibited a sharp increase in Hg concentrations, from respective levels of
95.4 and 80.9 ngg1 in the early 1980s to the present levels of
169.0 and 102.0 ngg1. These increasing trends in Hg concentration may be attributed to the Hg emissions and discharge results
from coal combustion and industrial effluent during the industrialization of China [25]. With China’s reform and opening-up policy
initiated in 1978, the rapid economic development in China
resulted in a huge consumption of energy [23]. The growing use
of fossil fuels—especially coal and oil as dominant sources of
energy—led to high levels of Hg emission [26].

Fig. 2. Vertical profiles of (a) Hg concentration in the dry sediment, (b) Hg deposition flux, (c) EF, (d) Igeo in the two cores.
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The Hg content in the CL1 core is much higher at different historical stages than in the CL2 core. Most of the population and
industry in the catchment is distributed in the city of Hefei, the
capital of Anhui Province; this has resulted in a heavier Hg input
in the western lake region (core CL1), which is influenced by Hefei,
than in the eastern lake region (core CL2), which is surrounded by
the smaller city of Chaohu. As such, human sources of Hg including
agricultural runoff, urban sources, and industrial sources have had
a greater impact at the CL1 sample site than at the CL2 site. A number of studies have shown that the contamination trends recorded
in sediment cores are often significantly influenced by the degree
of local/regional urbanization [27].

3.2. Deposition fluxes and mass inventories of Hg
Hg emissions in the lake catchment, as well as the sedimentary
rates and sedimentological conditions of the lake, influence Hg
accumulation in sediment cores. Hence, Hg depositional fluxes
are more appropriate than Hg concentration to reflect the accumulation of Hg in sediments [28]. The Hg depositional fluxes, F, were
calculated using the following equation:

F ¼ C i qi ci

ð1Þ

where C i is the Hg concentration of slice i (ngg1), qi is the mass
density of the dry sediment for slice i (gm3), and ci is the sedimentation rate of slice i (cma1). The depositional fluxes of each core
(Fig. 2(b)) are somewhat similar to the Hg content profiles for the
different stages in the western and eastern regions. High emission
intensity resulted in the higher depositional fluxes observed in
the western lake core [25,26]. Sedimentary flux records were helpful in calculating the gradient rate of sediment flux change in Chao
Lake. In the western lake region (CL1), the slow accumulation of low
Hg flux (Fig. 2(b)) was displayed at the beginning of the founding of
China. Before the 1960s, a low zero-order rate of increase in Hg flux,
k, was found, with rates of increase of 0.0348 and 0.0520 a1 for CL1
and CL2, respectively (Table 1). The Hg depositional flux then
increased between the 1960s and the 1980s, with rising rates of
0.3842 and 0.1358 a1 for CL1 and CL2, respectively. The Hg depositional flux sharply increased after the 1980s, when China began its
rapid industrialization process. The sedimentary flux in this period
increased 2–3 times more than before the 1960s (Table 1).
The mass inventories of the Hg in the sediment cores were calculated according to the three stages (Table 1). Compared with
those in the western region, the mass inventories in the eastern
region were relatively low, indicating heavier pollution in the
western region due to the imbalance of economic and industrial
development in the catchment. Furthermore, the mass inventories
in CL1 and CL2 after the 1960s contributed 69%–74% of the total Hg
inventories in the past century, which indicates that the Hg pollution can be mainly attributed to the recent increase in input related
to anthropological activities in Chao Lake.

3.3. Intensity of Hg pollution
In these two sediment cores, the Hg EF was lower in the deeper
sediments (before the 1980s, EF < 1.5), followed by an increase
upwards into the shallower sediments (after the 1980s, EF > 1.5);
the highest values were exhibited at the near surface (Fig. 2(c)).
Based on the work of Haris and Aris [29], an EF value between
0.5 and 1.5 indicates that the metal may be entirely derived from
the weathering and transport of crustal materials, while an EF
value above 1.5 suggests that some fraction of the metal is derived
from anthropogenic sources. Therefore, Chao Lake had a substantial increase in human Hg input after the 1980s, when the reform
and opening-up policy was implemented in China.
Before the 1980s, the Igeo in these two cores was below 0 (pollution free), except in 1970 (15 cm) and in 1936 (23 cm) in core
LC1 (Fig. 2(d)). After the 1980s, the Igeo of core CL2 was between
0 and 0.5, which indicates some level of Hg pollution. The Igeo of
core CL1 increased rapidly since the 1980s and reached above 1
in 1990, reflecting moderate levels of pollution. The results of the
geoaccumulation index indicate that although the Hg contamination of Chao Lake is slight, the trend of pollution is significantly
increasing.
Anthropogenic sources of Hg in China can be divided into unintentional emissions of Hg by fuel combustion, industrial processes
that utilize Hg (i.e., the calcium carbide method–PVC process), Hgcontaining products (e.g., medical products, fluorescent lighting,
and batteries), and Hg mining and smelting. However, unintentional emission sources of Hg are the main source of atmospheric
Hg, and these emissions are produced by three main industries.
The coal industry is a major source of atmospheric Hg emissions,
due to the large production volumes and the high Hg content
and low halogen characteristics of the coal [25,26]. Another source
of atmospheric Hg emissions is the process of non-ferrous metal
smelting, which includes the smelting of Zn, Pb, and Cu, since these
ores often contain Hg [30]. And finally, the cement industry is a
major source of atmospheric Hg emissions. China is the largest
cement producer in the world (> 80% of global cement production),
and Hg is associated with both the limestone raw materials, and
the coal that is used for fuel [31]. Based on the Anhui Statistical
Yearbook 2016 [32], the coal mining, non-ferrous metal smelting,
and cement-production industries have continued to develop over
the past ten years. The coal-fired energy-production industry is the
main source of Hg emissions in Asia [31,33].
Although human activities (and especially fossil fuel combustion) have caused massive atmospheric emissions of Hg,
atmospheric deposition is probably not the main source of Hg in
Chao Lake sediments. The highly positive correlations between
multiple metals and Hg (Figs. 3 and 4) indicate that they have
the same or similar sources from anthropogenic activities. Industries are closely related to water pollution in the lake; for example,
the production and supply of electric power and thermal power,
non-ferrous metal smelting, and rolling processing industries will
produce wastewater and aerosols with different concentrations

Table 1
Fluxes and inventories of Hg deposition in the dated sediment cores at different stages.
Core site

LC1 in western lake region

LC2 in eastern lake region

‘‘()”: mean value of deposition fluxes.

Time period

Before 1960s
1960s–1980s
1980s–present
Before 1960s
1960s–1980s
1980s–present

Linear regression
k (a1)

R2

p

n

0.0348
0.3842
0.6759
0.0520
0.1358
0.2137

0.0895
0.9715
0.8520
0.7589
0.5273
0.7547

0.321
0.020
0
0
0.165
0

13
5
12
13
5
13

Fluxes (ngcm2a1)

Inventories (ngcm2)

11.0–18.6
13.4–19.6
21.4–38.3
10.5–15.0
13.5–16.1
17.1–24.7

218.0
130.6
477.0
203.2
115.7
325.7

(13.6)
(16.3)
(31.8)
(12.7)
(14.5)
(21.7)
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Fig. 3. Pearson correlation matrix for Hg and other metals from cores LC1 and LC2.

Fig. 4. Vertical profiles of nutrients and heavy metals in the (a) core CL1 and (b) core CL2.

H. Zhang et al. / Engineering 5 (2019) 296–304

of heavy metals in the production process [14]. Industrial wastewater discharge is the most direct and significant source of heavy
metal pollution in the lake [15].
3.4. Relationships between Hg and other factors
A Pearson correlation analysis of the nutrients and Hg from the
two cores showed them to be significantly correlated (P < 0.01).
Strong positive correlations between TN, d15N, TP, TOC, and Hg
were observed in both cores (Fig. 5, p = 0.000 for all). However,
d13C and carbon nitrogen ratio (C/N) had negative correlations with
Hg. Since the 1970s, a large amount of industrial, agricultural, and
domestic sewage has been discharged into Chao Lake, resulting in
an increase in nutrient load [12]. For example, nitrogen (N) and
phosphorus (P) fertilizer use in the Anhui Province intensified in
the 1980s, with application rates of up to 750 kghm2, and is still
increasing [34]. Mercury-containing pesticides and fungicides have
been widely used in agriculture for a long time, resulting in high
concentrations of mercury in intensive farming soils [31]. In the
Chao Lake catchment, paddy soil is the main soil type; this is a kind
of soil with high fertility that is formed by human cultivation [35],
which has a strong adsorption capacity for Hg [36]. Therefore,
fertilizers (containing N and P) and soil organic matter adsorb
the Hg discharged into the lake from surface runoff. Furthermore,
Hg can easily be adsorbed by inorganic sediments in natural water
[37]. Hydrosulfonyl, amine, carboxyl, and other functional groups
contained in sediments can bind to Hg to form stable organic
complexes [31,38].
Variables including the C/N ratio, d15N, and d13C can be used as
proxies to identify sources of sedimentary organic matter (SOM)
[39], which can record changes in lacustrine primary productivity
[40]. Increases in lacustrine primary productivity (including algal
production) lead to increases in the deposition of SOM, along with
changes in d13C signatures [41]. Organic matter has a dual effect on
methylmercury [42], as it can promote Hg methylation by stimulating microbial activity [43,44], but also inhibit Hg methylation
by combining with inorganic Hg to reduce methylation efficiency
[45]. Remarkably, labile carbon sources have the greatest impact
on Hg0 production [38,46]. Mercury methylation and demethylation are dynamic processes that operate at the interfaces of
aqueous and particulate phases, so the effects of organic matter
(quantity and types) on Hg deposition are complex.
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The contents and distributions of various elements found in
sediments are often closely related to the sedimentological condition changes [47]. Grain size in sediment samples can provide a
record of hydrological change, because hydrodynamic intensity
determines the ability to transport different sizes of grains [14].
As expected, the correlation analysis (Fig. 6) showed that Hg was
positively correlated with small particles (grain size < 8 lm), and
negatively correlated with larger particles (grain size > 8 lm).
The deposition and accumulation of fine-grained sediments in
Chao Lake has been enhanced since the 1963 construction of the
Chaohu Dam on the Yuxi River [12]. With the semi-closed water
body subject to artificial regulation, its natural water-exchange
capacity has been lost, and its sedimentary environment tends to
be stable. Stable depositional conditions result in the accumulation
of fine particles, SOM, and nutrients, and Hg was deposited along
with the deposition of a large amount of fine grains.
3.5. Climate change and Hg deposition
An examination of climate factor statistics shows that the
annual average air temperature and annual precipitation increased
by 0.98 °C and 148.1 mm, respectively, from 1961 to 2017 in the
Chao Lake catchment (Fig. 7(a,b)). The annual average wind speed
and annual evaporation decreased by 1.128 ms1 and
267.9 mma1, respectively, from 1961 to 2017 in the catchment
(Fig. 7(c,d)). The average annual temperature in the Chao Lake
catchment has increased (Fig. 7(a)), which is probably due to the
increase in greenhouse gas emissions caused by the rapid development of industrialization and urbanization after 1980; this warming is known to be altering terrestrial and aquatic ecosystems,
including lakes [44,48,49]. The influence of climate change on Hg
deposition was analyzed by comparing it to meteorological factor
variation in the catchment [49]. The direct emissions of Hg by
human activities are regarded as ‘‘original emissions,” while the
process of Hg evaporating from surficial media due to ambient
temperature increases is considered as ‘‘secondary emissions”
[50]. The correlation analysis showed that Hg was positively and
moderately correlated with the annual average air temperature
(Fig. 7). Obviously, climate warming will change the reemissions
of Hg, which should lead to increased Hg emissions on the whole.
Furthermore, numerous studies have documented rising water
temperatures in aquatic environments around the world [51,52],

Fig. 5. Pearson correlation coefficients between nutrients and Hg in cores LC1 and LC2.

Fig. 6. Pearson correlation coefficients between Hg and different frequency distributions of particle size from cores LC1 and LC2.
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Fig. 7. Variation of meteorological factor in the Chao Lake catchment from 1961 to 2016.

Fig. 8. Pearson correlation coefficients between Hg and meteorological factor and nutrients in cores LC1 and LC2.

which influence a very wide range of biological, chemical, and
physical processes [53,54]. Therefore, the rise in air temperatures
leads to an increase in water temperatures, which may have an
effect on the transformation and deposition of Hg.
However, the relationship between precipitation and Hg
deposition is not corrected (Fig. 8), mainly because this change in
meteorological conditions has a combined effect on Hg transport.
Indeed, the variation of precipitation intensity and frequency
affects soil erosion intensity and the input of Hg pollutant sources
[9]. Most anthropogenic emissions of Hg to the atmosphere are in
the form of elemental mercury vapor (more than 95%), and the rest
consists of divalent Hg compounds, or Hg adsorbed to particulate
matter [55]. The residence time of elemental Hg vapor in the
atmosphere is approximately several months to one year, which
facilitates long-distance transport [56]. The correlation with Hg
deposition is strongly negative for wind speed, and moderate for
annual evaporation (Fig. 8). Change in wind speed affects the
migration and deposition of Hg by regulating water circulation
and water flow rate [24]. The decrease of the average wind speed

in the Chao Lake catchment has contributed to the relatively stable
hydrodynamic conditions, which are in favor of Hg deposition. In
addition, the volatile amount of Hg in the water body decreases
as the annual evaporation decreases, resulting in more Hg
deposition in the sediment [49]. Ongoing climate change can lead
to changes in the amounts and distributions of precipitation,
temperature, wind speeds and directions, and evaporation, which
will likely impact Hg transport intensity and pathways [49].
4. Conclusions
This study reports that the natural background Hg concentration is (52.29 ± 5.15) ngg1 in the sediments of Chao Lake, and that
there are three identifiable periods of Hg deposition: pre-1960s,
1960s–1980s, and post-1980s. There is a relatively stable stage
before the 1960s, a slow increase from the 1960s to the 1980s,
and a sharp increase from the 1980s to the present. The Hg
deposition was highly correlated with variables including the concentrations of heavy metals and nutrients, and sediment grain size.

H. Zhang et al. / Engineering 5 (2019) 296–304

As the impacts of global warming are many and complex, the
effects of increasing air temperature on Hg deposition are difficult
to fully separate and quantify, and warrant additional
investigation.
Acknowledgements
The National Key Research and Development Program of China
(2017YFA0605003) and the National Natural Science Foundation of
China (91751114 and 41521003) supported this study.
Compliance with ethics guidelines
Hanxiao Zhang, Shouliang Huo, Kevin M. Yeager, Beidou Xi,
Jingtian Zhang, and Fengchang Wu declare that they have no conflict of interest or financial conflicts to disclose.
References
[1] Chen L, Xu Z, Ding X, Zhang W, Huang Y, Fan R, et al. Spatial trend and pollution
assessment of total mercury and methylmercury pollution in the Pearl River
Delta soil, South China. Chemosphere 2012;88(5):612–9.
[2] Eyrikh S, Eichler A, Tobler L, Malygina N, Papina T, Schwikowski M. A 320 year
ice-core record of atmospheric Hg pollution in the Altai, central Asia. Environ
Sci Technol 2017;51(20):11597–606.
[3] Rimondi V, Gray JE, Costagliola P, Vaselli O, Lattanzi P. Concentration,
distribution, and translocation of mercury and methylmercury in minewaste, sediment, soil, water, and fish collected near the Abbadia San
Salvatore mercury mine, Monte Amiata district, Italy. Sci Total Environ
2012;414(1):318–27.
[4] Gray JE, Van Metre PC, Pribil MJ, Horowitz AJ. Tracing historical trends of Hg in
the Mississippi River using Hg concentrations and Hg isotopic compositions in
a lake sediment core, Lake Whittington, Mississippi, USA. Chem Geol
2015;395:80–7.
[5] Huo S, Zhang J, Yeager KM, Xi B, Qin Y, He Z, et al. Mobility and sulfidization of
heavy metals in sediments of a shallow eutrophic lake, Lake Taihu, China. J
Environ Sci 2015;31:1–11.
[6] Yeager KM, Santschi PH, Rifai HS, Suarez MP, Brinkmeyer R, Hung CC, et al.
Dioxin chronology and fluxes in sediments of the Houston Ship Channel,
Texas: influences of non-steady-state sediment transport and total organic
carbon. Environ Sci Technol 2007;41(15):5291–8.
[7] Lindberg S, Bullock R, Ebinghaus R, Engstrom D, Feng X, Fitzgerald W, et al. A
synthesis of progress and uncertainties in attributing the sources of mercury in
deposition. AMBIO: J Hum Environ 2007;36(1):19–32.
[8] Gray JE, Pribil MJ, Van Metre PC, Borrok DM, Thapalia A. Identification of
contamination in a lake sediment core using Hg and Pb isotopic compositions,
Lake Ballinger, Washington, USA. Appl Geochem 2013;29(1):1–12.
[9] Lin H, Wang X, Gong P, Ren J, Wang C, Yuan X, et al. The influence of climate
change on the accumulation of polycyclic aromatic hydrocarbons, black carbon
and mercury in a shrinking remote lake of the southern Tibetan Plateau. Sci
Total Environ 2017;601–2:1814–23.
[10] Feng X, Foucher D, Hintelmann H, Yan H, He T, Qiu G. Tracing mercury
contamination sources in sediments using mercury isotope compositions.
Environ Sci Technol 2010;44(9):3363–8.
[11] Jackson TA, Muir DCG. Mass-dependent and mass-independent variations in
the isotope composition of mercury in a sediment core from a lake polluted by
emissions from the combustion of coal. Sci Total Environ 2012;417–
8:189–203.
[12] Zan F, Huo S, Xi B, Zhu C, Liao H, Zhang J, et al. A 100-year sedimentary record
of natural and anthropogenic impacts on a shallow eutrophic lake, Lake
Chaohu, China. J Environ Monit 2012;14(3):804–16.
[13] Zan F, Huo S, Xi B, Su J, Li X, Zhang J, et al. A 100 year sedimentary record of
heavy metal pollution in a shallow eutrophic lake, Lake Chaohu, China. J
Environ Monit 2011;13(10):2788–97.
[14] Huo S, Li C, Xi B, Yu Z, Yeager KM, Wu F. Historical record of polychlorinated
biphenyls (PCBs) and special occurrence of PCB 209 in a shallow fresh-water
lake from eastern China. Chemosphere 2017;184:832–40.
[15] Li C, Huo S, Xi B, Yu Z, Zeng X, Zhang J, et al. Historical deposition behaviors of
organochlorine pesticides (OCPs) in the sediments of a shallow eutrophic lake
in eastern China: roles of the sources and sedimentological conditions. Ecol
Indic 2015;53(2):1–10.
[16] Li C, Huo S, Yu Z, Guo W, Xi B, He Z, et al. Historical records of polycyclic
aromatic hydrocarbon deposition in a shallow eutrophic lake: impacts of
sources and sedimentological conditions. J Environ Sci 2016;41:261–9.
[17] Guo W, Huo S, Ding W. Historical record of human impact in a lake of northern
China: magnetic susceptibility, nutrients, heavy metals and OCPs. Ecol Indic
2015;57:74–81.
[18] Binford MW. Calculation and uncertainty analysis of 210Pb dates for PIRLA
project lake sediment cores. J Paleolimnol 1990;3(3):253–67.

303

[19] Zhang W, Feng H, Chang J, Qu J, Xie H, Yu L. Heavy metal contamination in
surface sediments of Yangtze River intertidal zone: an assessment from
different indexes. Environ Pollut 2009;157(5):1533–43.
[20] Wan GJ, Chen JA, Wu FC, Xu SQ, Bai ZG, Wan EY, et al. Coupling between
210
Pbex and organic matter in sediments of a nutrient-enriched lake: an
example from Lake Chenghai, China. Chem Geol 2005;224(4):223–36.
[21] Xu Y, Gao X, Shen Y, Xu C, Shi Y, Giorgi F. A daily temperature dataset over
China and its application in validating a RCM simulation. Adv Atmos Sci
2009;26(4):763–72.
[22] Guo W, Pei Y, Yang Z, Chen H. Historical changes in polycyclic aromatic
hydrocarbons (PAHs) input in Lake Baiyangdian related to regional socioeconomic development. J Hazard Mater 2011;187(1–3):441–9.
[23] Liu L, Wang J, Wei G, Guan Y, Wong C, Zeng E. Sediment records of polycyclic
aromatic hydrocarbons (PAHs) in the continental shelf of China: implications
for evolving anthropogenic impacts. Environ Sci Technol 2012;46
(12):6497–504.
[24] Chen X, Yang X, Dong X, Liu Q. Nutrient dynamics linked to hydrological
condition and anthropogenic nutrient loading in Chaohu Lake (southeast
China). Hydrobiologia 2011;661(1):223–34.
[25] Yang H, Turner S, Rose NL. Mercury pollution in the lake sediments and
catchment soils of anthropogenically-disturbed sites across England. Environ
Pollut 2016;219:1092–101.
[26] Wiklund JA, Kirk JL, Muir DCG, Evans M, Yang F, Keating J, et al. Anthropogenic
mercury deposition in Flin Flon Manitoba and the Experimental Lakes Area
Ontario (Canada): a multi-lake sediment core reconstruction. Sci Total Environ
2017;586:685–95.
[27] Zhang L, Ye X, Feng H, Jing Y, Ouyang T, Yu X, et al. Heavy metal contamination
in western Xiamen Bay sediments and its vicinity, China. Mar Pollut Bull
2007;54(7):974–82.
[28] Weiss-Penzias PS, Gay DA, Brigham ME, Parsons MT, Gustin MS, Ter Schure A.
Trends in mercury wet deposition and mercury air concentrations across the
U.S. and Canada. Sci Total Environ 2016;568:546–56.
[29] Haris H, Aris AZ. The geoaccumulation index and enrichment factor of mercury
in mangrove sediment of Port Klang, Selangor, Malaysia. Arabian J Geosci
2013;6(11):4119–28.
[30] McKee LJ, Bonnema A, David N, Davis JA, Franz A, Grace R, et al. Long-term
variation in concentrations and mass loads in a semi-arid watershed
influenced by historic mercury mining and urban pollutant sources. Sci Total
Environ 2017;605–606:482–97.
[31] Wang Q, Kim D, Dionysiou DD, Sorial GA, Timberlake D. Sources and
remediation for mercury contamination in aquatic systems–a literature
review. Environ Pollut 2004;131(2):323–36.
[32] Anhui Statistical Bureau, NBS Survey office in Anhui. Anhui statistical
yearbook 2016. Beijing: China Statistics Press; 2016. Chinese.
[33] Wang Q, Shen W, Ma Z. Estimation of mercury emission from coal combustion
in China. Environ Sci Technol 2000;34(13):2711–3.
[34] Li Y, Ma C, Zhu C, Huang R, Zheng C. Historical anthropogenic contributions to
mercury accumulation recorded by a peat core from Dajiuhu montane mire,
central China. Environ Pollut 2016;216:332–9.
[35] Nakagawa R, Yumita Y. Change and behavior of residual mercury in paddy
soils and rice of Japan. Chemosphere 1998;37(8):1483–7.
[36] Liu Y, Wang J, Zheng Y, Zhang L, He J. Patterns of bacterial diversity along a
long-term mercury-contaminated gradient in the paddy soils. Microb Ecol
2014;68(3):575–83.
[37] Walters C, Couto M, McClurg N, Silwana B, Somerset V. Baseline monitoring of
mercury levels in environmental matrices in the Limpopo Province. Water Air
Soil Pollut 2017;228(2):57–71.
[38] Cesário R, Hintelmann H, O’Driscoll NJ, Monteiro CE, Caetano M, Nogueira M,
et al. Biogeochemical cycle of mercury and methylmercury in two highly
contaminated areas of Tagus Estuary (Portugal). Water Air Soil Pollut
2017;228(7):257–76.
[39] Woodward CA, Potito AP, Beilman DW. Carbon and nitrogen stable isotope
ratios in surface sediments from lakes of western Ireland: implications for
inferring past lake productivity and nitrogen loading. J Paleolimnol 2012;47
(2):167–84.
[40] Meyers PA, Lallier-Verges E. Lacustrine sedimentary organic matter records of
late quaternary paleoclimates. J Paleolimnol 1999;21(3):345–72.
[41] O’Beirne MD, Werne JP, Hecky RE, Johnson TC, Katsev S, Reavie ED.
Anthropogenic climate change has altered primary productivity in Lake
Superior. Nat Commun 2017;8:15713.
[42] Weber JH. Review of possible paths for abiotic methylation of mercury (II) in
the aquatic environment. Chemosphere 1993;26(11):2063–77.
[43] Ramond JB, Petit F, Quillet L, Ouddane B, Berthe T. Evidence of methylmercury
production and modification of the microbial community structure in estuary
sediments contaminated with wastewater treatment plant effluents. Mar
Pollut Bull 2011;62(5):1073–80.
[44] Brown CA, Sharp D, Collura TCM. Effect of climate change on water
temperature and attainment of water temperature criteria in the Yaquina
Estuary, Oregon (USA). Estuar Coast Shelf Sci 2016;169:136–46.
[45] Tomiyasu T, Kodamatani H, Imura R, Matsuyama A, Miyamoto J, Akagi H, et al.
The dynamics of mercury near Idrija mercury mine, Slovenia: horizontal and
vertical distributions of total, methyl, and ethyl mercury concentrations in
soils. Chemosphere 2017;184:244–52.
[46] Brazeau ML, Blais JM, Paterson AM, Keller W, Poulain AJ. Evidence for
microbially mediated production of elemental mercury (Hg0) in subarctic lake
sediments. Appl Geochem 2013;37:142–8.

304

H. Zhang et al. / Engineering 5 (2019) 296–304

[47] Zhu Y, Zou X, Feng S, Tang H. The effect of grain size on the Cu, Pb, Ni, Cd
speciation and distribution in sediments: a case study of Dongping Lake,
China. Environ Geol 2006;50(5):753–9.
[48] Kraemer BM, Chandra S, Dell AI, Dix M, Kuusisto E, Livingtone DM, et al.
Global patterns in lake ecosystem responses to warming based on the
temperature dependence of metabolism. Glob Change Biol 2017;23
(5):1881–90.
[49] Hansen KM, Christensen JH, Brandt J. The influence of climate change on
atmospheric deposition of mercury in the Arctic—a model sensitivity study. Int
J Environ Res Public Health 2015;12(9):11254–68.
[50] Wang X, Sun D, Yao T. Climate change and global cycling of persistent organic
pollutants: a critical review. Sci China Earth Sci 2016;59(10):1899–911.
[51] Lepori F, Roberts JJ. Past and future warming of a deep European lake (Lake
Lugano): what are the climatic drivers? J Great Lakes Res 2015;41
(4):973–81.

[52] O’Reilly CM, Sharma S, Gray DK, Hampton SE, Read JS, Rowley RJ, et al. Rapid
and highly variable warming of lake surface waters around the globe. Geophys
Res Lett 2015;42(24):10773–81.
[53] Li F, Chung N, Bae MJ, Kwon YS, Kwon TS, Park YS. Temperature change and
macroinvertebrate biodiversity: assessments of organism vulnerability and
potential distributions. Clim Change 2013;119(2):4231–434.
[54] Kane ES, Mazzoleni LR, Kratz CJ, Hribljan JA, Johnson CP, Pypker TG, et al. Peat
porewater dissolved organic carbon concentration and lability increase with
warming: a field temperature manipulation experiment in a poor-fen.
Biogeochemistry 2014;119(1–3):161–78.
[55] Bravo AG, Bouchet S, Tolu J, Björn E, Mateos-Rivera A, Bertilsson S. Molecular
composition of organic matter controls methylmercury formation in boreal
lakes. Nat Commun 2017;8:14255.
[56] Li Y, Wang W, Yang L, Li H. A review of mercury in environmental
biogeochemistry. Prog Geogr 2004;23(6):33–40.

